The chromalveolate hypothesis presents an attractively simple explanation for the presence of red algal-derived secondary plastids in 5 major eukaryotic lineages: "chromista" phyla, cryptophytes, haptophytes and ochrophytes; and alveolate phyla, dinoflagellates and apicomplexans. It posits that a single secondary endosymbiotic event occurred in a common ancestor of these diverse groups, and that this ancient plastid has since been maintained by vertical inheritance only. Substantial testing of this hypothesis by molecular phylogenies has, however, consistently failed to provide support for the predicted monophyly of the host organisms that harbour these plastids-the "chromalveolates." This lack of support does not disprove the chromalveolate hypothesis per se, but rather drives the proposed endosymbiosis deeper into the eukaryotic tree, and requires multiple plastid losses to have occurred within intervening aplastidic lineages. An alternative perspective on plastid evolution is offered by considering the metabolic partnership between the endosymbiont and its host cell. A recent analysis of metabolic pathways in a deep-branching dinoflagellate indicates a high level of pathway redundancy in the common ancestor of apicomplexans and dinoflagellates, and differential losses of these pathways soon after radiation of the major extant lineages. This suggests that vertical inheritance of an ancient plastid in alveolates is highly unlikely as it would necessitate maintenance of redundant pathways over very long evolutionary timescales.
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Establishment of any endosymbiotic partnership between 2 free-living cells will inevitably result in initial duplication of many common basic cell functions. These include anabolic pathways for essential biomolecules such as lipids, nucleotides and amino acids. Duplicated anabolic pathways create initial redundancy, but the evolution of stable endosymbiotic organelles typically results in sharing of common metabolic resources and elimination of these duplicated functions. There appears to be no absolute rule, however, for whether the host cell's pathways are retained and the endosymbiont's versions lost, or vice versa. This has been clearly demonstrated by studies of the non-photosynthetic plastids in apicomplexan parasites such as Plasmodium, the causative agent of malaria. The Plasmodium plastid, dubbed the apicoplast, is no longer photosynthetic, but is now an essential organelle because the plastid pathways for both de novo fatty acid synthesis (type II FAS pathway), and isopentenyl pyrophosphate (IPP) synthesis for isoprenoids (1-deoxy-d-xylulose-5-phosphate [DOXP] pathway) were retained instead of the host cell cytosolic pathways (type I FAS and mevalonate pathway, respectively). [1] [2] [3] [4] Furthermore, a partial tetrapyrrole biosynthetic pathway in the plastid complements missing elements of the canonical host cytosol/mitochondrion pathway. 5, 6 Thus, in the case of tetrapyrrole synthesis, elimination of enzyme redundancy resulted in a chimeric pathway dependent on both the symbiont and host compartments. The process of rationalising host/endosymbiont metabolic redundancy would have initially had no cost, perhaps even benefits, and probably occurred haphazardly in many instances. But if one or more elements of the endosymbiont's metabolism are kept in place of the cytosolic equivalents, these functions can commit cells to enduring alliances with their endosymbiont. Many of these pathways are complex, consisting of several enzymatic steps, and thus cannot be easily regained in their entirety by horizontal gene transfers. Plastid loss after stable endosymbiosis, therefore, is seemingly very difficult to achieve, even when the function that drove the initial endosymbiosis, such as photosynthesis, is lost.
We have recently described a rare example of plastid loss in Hematodinium sp., a parasitic deepbranching dinoflagellate within the apicomplexandinoflagellate radiation (Figure 1 ). 7 This is the second only clear case of plastid loss to date, the other being from the apicomplexan Cryptosporidium. 8 Key to the successful loss of a plastid in Hematodinium was the retention of some of the host cell-based metabolic pathways in place of plastid ones, thus providing host cell independence. In turn, presence of these host pathways, as alternatives to the plastid pathways found in Plasmodium, demonstrated that the common ancestor of apicomplexans and dinoflagellates must have still contained redundant metabolic pathways. Differential rationalisation of this redundancy evidently then occurred in the radiating lineages. By surveying molecular data for pathway presence from across extant apicomplexan and dinoflagellate taxa, a compilation of pathways present in the common ancestor can be made ( Figure 1 ). 6, 7, [9] [10] [11] This shows that redundant host and plastid pathways were present for fatty acid synthesis (type I and type II FAS) and tetrapyrrole synthesis (plastid-based C5 [glutamate] pathway and cytosol/mitochondrion-based C4 [Shemin] pathway). Furthermore, redundancy in IPP synthesis for isoprenoids must have been present before apicomplexans and dinoflagellates diverged because, while both lineages now exclusively use the plastid DOXP pathway, the sister Alveolata lineage, ciliates, retains the host mevalonate pathway (Figure 1 ). 12 Our studies of Hematodinium also reveal the presence of a distinctive plastid-type diaminopimelate lysine biosynthetic pathway. 7, 13, 14 This pathway occurs in plastids of red algae and other lineages with red algal-derived plastids (e.g. ochrophytes, haptophytes), 7 suggesting that it was most likely present also in the original red plastid of the common ancestor of apicomplexans and dinoflagellates. This pathway is now only present in deep-branching dinoflagellates (Perkinsus, Oxyrrhis and Hematodinium), 7 and in all cases it is predicted to be relocated to the cytosol. This implies further differential Figure 1 . Schematic phylogeny of alveolates (black) with inferred metabolic pathway presence, loss and redundancy indicated (colored lines). Plastid-derived pathways are shown right of phylogeny branches, host-derived pathways (located in the cytosol or mitochondrion) are shown to the left, and pathway loss is indicated by lines ending in dashes. The point of greatest inferred metabolic pathway redundancy is indicated by circles. Formation of a single chimeric tetrapyrrole pathway in apicomplexans is indicated by the merger of the plastid and cytosol/mitochondrial pathways to an undulating line. Inferred relocation of the diaminopimelate lysine pathway from the plastid to cytosol is shown by right to left switching (the number of relocations is unknown). Question marks indicate unconfirmed presence of type I fatty acid synthase in dinoflagellates and colpodellids where distinction from polyketide synthases is difficult from current incomplete gene sequence data. M, mevalonate; D, DOXP; I, type I; II, type II. evolution of a plastid function after apicomplexandinoflagellate divergence (Figure 1) .
Metabolic reconstruction of the apicomplexan-dinoflagellate common ancestor thus provides a view of a cell that maintained a surprising level of host-plastid metabolic redundancy. Surprising because we do not find any extant taxa in either apicomplexan or dinoflagellate lineages where such a level of redundancy is maintained (Figure 1 ). Indeed across plastid containing organisms, be they primary or secondary plastids, the norm is that such redundancy has long since been eliminated. If the chromalveolate hypothesis is correct plastid gain and the acquisition of this redundancy was ancient. In fact it would have to predate not only the divergence of ciliates, but most other major eukaryotic lineages given present placement of "chromalveolate" taxa on eukaryotic phylogenies ( Figure 2 ). Maintenance of redundant pathways through all of this time is difficult to reconcile with the rapid losses of different elements of this redundancy evident since apicomplexans and dinoflagellates radiated. The alternative explanation is that an independent plastid gain (or gains) occurred much more recently in the lineage(s) leading to extant apicomplexans and dinoflagellates. In this case maintenance of redundancy might only have been short lived, before divergence of these lineages and development of the different combinations of loss that we see today in apicomplexans and dinoflagellates. Perhaps, even, gain of a plastid was a catalyst for the remarkable radiation of apicomplexans and dinoflagellates as algae, symbionts and parasites from their more invariant free-living colponemid-like ancestors. 15, 16 The failure of phylogenies to support the simple radiation of eukaryotes with secondary red algal-derived plastids that the chromalveolate hypothesis predicted has given rise to alternative proposals of multiple lateral endosymbiotic gains and/or exchanges of red algal symbionts. [17] [18] [19] [20] [21] [22] [23] These include secondary, tertiary and even quaternary endosymbiotic events, the permutations of which remain fluid as molecular phylogenies continue to expand in coverage and vacillate in the host and plastid relationships that they describe. Nevertheless, there is growing consideration of multiple endosymbiotic gains and/or exchanges of red algal-derived plastids across eukaryotes. On the other hand, the argument for a single red plastid gain is sustained by the presence of common derived features of protein-targeting shared by many secondary red algal-derived plastids-the so-called SELMA (symbiont-specific endoplasmic reticulum [ER]-like machinery) that was repurposed from the symbiont ERassociated protein degradation (ERAD) pathway. 24, 25 This argument hinges on the perceived improbability that either: 1) the ERAD machinery could be repurposed for plastid protein targeting in red algal-derived plastids more than once; or 2) SELMA could be inherited during tertiary or quaternary endosymbioses of algae that already possessed this machinery. But these probabilities Figure 2 . Schematic of eukaryotic phylogeny of major lineages based on recent published phylogenomic analyses e.g., 26, 27 Red algalderived secondary plastid containing lineages are shown in red. For simplicity, only select aplastidic lineages related to ochrophytes, haptophytes and cryptophytes are shown. Primary plastid-containing lineages are shown in green. Uncertainty in lineage branching order is shown either as polytomies or broken lines. The chromalveolate hypothesis predicts that a common ancestor that gave rise to all red lineages acquired a single red algal-derived plastid. Current eukaryotic phylogenies require this to be very early in eukaryotic evolution, and for multiple cases of plastid loss in descendant aplastidic lineages. are unknown, making the SELMA argument difficult to assess. Metabolic redundancy in lineages that have gained plastid organelles, however, is uncommon and thus the likelihood of its maintenance over very long evolutionary timescales is apparently very low. Evidence of redundancy in the apicomplexan-dinoflagellate common ancestor, therefore, favors a more recent gain of a plastid in this lineage, after ciliates diverged, and perhaps relatively soon before radiation of the remarkably diverse apicomplexan-dinoflagellate group. These data are also consistent with possible further recent plastid endosymbioses that might have either replaced this plastid, or contributed to metabolic capabilities found in extant taxa. In either case, these data argue that the chromalveolate hypothesis, with a single ancient gain of a red complex plastid, is unlikely to be correct.
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